The means by which airway epithelial cells sense a bacterial infection and which intracellular signalling pathways are activated upon infection are poorly understood. A549 cells and human primary airway cells (NHBE) were used to investigate the response to infection with Klebsiella pneumoniae. Infection of A549 and NHBE with K. pneumoniae 52K10, a capsule polysaccharide (CPS) mutant, increased the surface levels of ICAM-1 and caused the release of IL-8. By contrast, the wild-type strain did not elicit these responses. Consistent with a functional role for these responses, there was a correlation between ICAM-1 levels and the number of adherent leukocytes on the epithelial cell surface. In addition, treatment of neutrophils with IL-8 enhanced their ability to kill K. pneumoniae. Strain 52K10 was internalized by A549 cells more efficiently than the wild-type, and when infections with 52K10 were performed in the presence of cytochalasin D the inflammatory response was abrogated. These findings suggest that cellular activation is mediated by bacterial internalization and that CPS prevents the activation through the blockage of bacterial adhesion and uptake. Collectively, the results indicate that bacterial internalization by airway epithelial cells could be the triggering signal for the activation of the innate immune system of the airway. Infection of A549 cells by 52K10 was shown to trigger the nuclear translocation of NF-kB. Evidence is presented showing that 52K10 activated IL-8 production through Toll-like receptor (TLR) 2 and TLR4 pathways and that A549 cells could use soluble CD14 as TLR co-receptor.
INTRODUCTION
One of the largest epithelial surfaces of humans is located in the respiratory tract, which needs to be protected without compromising its functionality. In addition to serving as a physical barrier, airway epithelial cells react against insults such as cigarette smoke or air pollutants, mounting an inflammatory response. This response includes the production of pro-inflammatory and chemoattractant cytokines and the cell-surface expression of the adhesion molecule ICAM-1 (CD54) (Bayram et al., 1998; Hellermann et al., 2002; Hoshino et al., 2001; Mio et al., 1997; Pathmanathan et al., 2003; . Airway epithelial cells also interact with microbial pathogens, which should be rapidly killed or otherwise they may easily reach the bloodstream. There are reports showing that infection of airway epithelial cells by pathogens such as Streptococcus pneumoniae, Mycoplasma pneumoniae and group B streptococci triggers the secretion of IL-8 and increases the surface levels of ICAM-1 (Doran et al., 2002; Mikamo et al., 2004; Murdoch et al., 2002; Yang et al., 2002) . These responses have been related to the recruitment of neutrophils into airways (Look et al., 1992; Tosi et al., 1992 Tosi et al., , 1992 , which is a common histological finding in patients with pneumonia independently of the infecting micro-organism. The current evidence shows that IL-8 targets neutrophils to sites of attack through its chemoattractant and activating properties (Nakamura et al., 1991) , and the interaction of ICAM-1 with CD18/b2 integrin-containing receptor on leukocytes is crucial for leukocyte migration (Look et al., 1992; Nakajima et al., 1994 Nakajima et al., , 1995 . In addition there is evidence that ICAM-1 enhances the antimicrobial activity of alveolar macrophages and neutrophils (Bullard et al., 1995; O'Brien et al., 1999; Paine et al., 2002) and it also mediates cellular cross-talk between parenchymal and alveolar macrophages (Lee et al., 2004) . However, it is still poorly understood how airway epithelial cells sense a bacterial infection and which intracellular signalling pathways are activated upon infection.
Klebsiella pneumoniae is an important cause of communityacquired pneumonia in individuals with impaired pulmonary defences and is a major pathogen for nosocomial pneumonia. Pulmonary infections are often characterized by a rapid clinical course, thereby leaving little time for an effective antibiotic treatment, which is increasingly difficult due to the emergence of multidrug-resistant strains. In turn, this emphasizes the importance of pulmonary innate defence systems to clear K. pneumoniae infections. In this scenario, airway epithelial cells might play an important role by, on the one hand, early detection of the infection and, on the other hand, elimination of bacteria.
We recently started to investigate the interplay between K. pneumoniae and airway epithelial cells. Our results showed that poorly capsulated K. pneumoniae strains and capsuledeficient mutants were internalized by A549 cells whereas heavily capsulated strains were not (Cortes et al., 2002a, b) . These findings are in good agreement with those obtained by other authors (Favre-Bonte et al., 1999; Oelschlaeger & Tall, 1997) . The evidence indicates that capsule polysaccharide (CPS) allows K. pneumoniae to avoid uptake by human epithelial cells (Cortes et al., 2002a, b; Favre-Bonte et al., 1999; Oelschlaeger & Tall, 1997) . However, to the best of our knowledge the cellular responses upon infection have not been studied.
In the present study, we analysed the epithelial cell response to K. pneumoniae using A549 cells and human primary airway cells (NHBE).
METHODS
Bacterial strains, growth conditions and reagents. K. pneumoniae 52145 is a clinical isolate (serotype O1 : K2) previously described (Nassif et al., 1989) . The isogenic mutant 52K10, not expressing CPS, has been recently described (Cortes et al., 2002b) . Bacteria were grown in Luria-Bertani (LB) medium at 37 uC. When appropriate, antibiotics were added to the medium at the following concentrations: ampicillin, 100 mg ml 21 ; chloramphenicol, 25 mg ml
21
; and kanamycin, 20 mg ml 21 .
Recombinant human CD14 was purchased from RD systems. Blocking antibodies against Toll-like receptors TLR2 (clone TLR2.1; Lien et al., 1999) and TLR4 (clone HTA125; Shimazu et al., 1999) were purchased from Hycult biotechnology. ; ebioscience), anti-TLR4 (clone HTA125, 10 mg ml 21 ; ebioscience) PE conjugated or IgG2a, k isotype labelled antibodies. Cells were incubated with the antibodies at room temperature (22-25 uC) for 15 min. Analysis was performed using a Cultek Epics XL flow cytometer. At least 8000 cells were acquired in every experiment. The levels of ICAM-1, CD14, TLR2 and TLR4 were expressed as relative mean fluorescence intensity (rMFI) measured in arbitrary units and the nonspecific binding was corrected by subtraction of MFI values corresponding to isotype-matched antibodies.
Cytokine stimulation assay. Monolayers of epithelial cells were infected and after 2 h of infection supernatants were carefully removed from the wells and the monolayers were washed twice with PBS. Fresh medium plus gentamicin (100 mg ml 21 ) was then added and the plates were incubated for 18 h. Supernatants were collected, cell debris was removed by centrifugation, and samples were frozen at 280 uC.
In time-course experiments monolayers were infected and the supernatants were collected at the indicated time points; cell debris was removed by centrifugation and the cleared supernatants stored at 280 uC.
Cytokines in the supernatants were determined using a commercial kit that allows the simultaneous detection of six cytokines in the sample by flow cytometry (Cytometric Bead Array Kit; BD Biosciences). The cytokines measured were IL-1b, IL-6, TNFa, IL-8, IL-10 and IL-12p70. The assay sensitivity for each cytokine was 7?2 pg ml 21 for IL-1b, 2?5 pg ml 21 for IL-6, 3?7 pg ml 21 for TNFa, 3?6 pg ml 21 for IL-8, 3?3 pg ml 21 for IL-10 and 1?9 pg ml 21 for IL-12p70. Experiments were run in duplicate and repeated at least three times.
Invasion assay. After 2 h of infection, monolayers were washed twice with PBS and then incubated for a further 2 h with fresh medium plus gentamicin (100 mg ml 21 ) to kill extracellular bacteria. This treatment was long enough to kill all extracellular bacteria. Epithelial monolayers were washed three times with PBS, and cells were lysed with 0?5 % Triton X-100 and titrated for viable counts of intracellular bacteria. Experiments were carried out in triplicate on at least two independent occasions and results expressed as c.f.u. per monolayer.
Preparation of nuclear and cytosolic extracts. Nuclear and cytosolic proteins were extracted from approximately 5610 6 cells as previously described (Elewaut et al., 1999) with minor modifications. Briefly, A549 cells were washed with ice-cold PBS and suspended in hypotonic buffer (10 mM HEPES, 10 mM KCl, 2 mM MgCl 2 , 1 mM DTT, 0?1 mM EDTA, 0?2 mM NaF, 0?2 mM Na 3 VO 4 , 1 mg leupeptin ml 21 , 0?4 mM PMSF). The cells were left on ice for 15 min and a cytosolic preparation was made by addition of Nonidet P-40 (final concentration of 0?1 %) followed by centrifugation (6500 r.p.m., 3 min, 4 uC). The supernatant was collected as the cytosolic fraction. The remaining pellet was resuspended in extraction buffer (50 mM HEPES, 50 mM KCl, 300 mM NaCl, 0?1 mM EDTA, 1 mM DTT, 10 %, v/v, glycerol, 0?2 mM NaF, 0?2 mM Na 3 VO 4 , 0?1 mM PMSF) and incubated on ice for 20 min with agitation. The nuclear proteins in the supernatant were recovered after centrifugation (12 000 g, 20 min, 4 uC) to remove nuclear debris. Proteins present in extracts were quantified using the Coomassie protein assay (Pierce) referenced against a bovine serum albumin standard and stored in aliquots at 280 uC.
Electrophoretic mobility shift assay (EMSA). The NF-kB oligonucleotide probe (59-GCCTGGGAAAGTCCCCTCAACT-39) was labelled with biotin using a commercial kit as recommended by the manufacturer (Biotin 39end DNA labelling kit, Pierce). Nuclear proteins (20 mg) were incubated for 20 min at 22 uC with 50 fmol of the oligonucleotide probe in binding buffer [100 mM Tris, 500 mM KCl, 10 mM DTT, pH 7?5, 2?5 %, v/v, glycerol, 5 mM MgCl 2 , 1 mg poly(dI?dC)]. After incubation, the reaction products were analysed by 6 % PAGE using Tris/borate/EDTA running buffer (90 mM Tris, 90 mM boric acid, 2 mM EDTA, pH 8?3). Bound and free DNAs were detected using a commercial kit as recommended by the manufacturer (LightShift Chemiluminiscent EMSA kit, Pierce).
Immunoblotting for IkBa. Cytoplasmic proteins (15 mg) were separated by 10 % SDS-PAGE, electrotransferred to nitrocellulose membrane and blocked with 3 % skimmed milk in PBS. Immunostaining for IkBa was performed with polyclonal rabbit anti-IkBa antibody (Santa Cruz Biotechnology). Immunoreactive bands were visualized by incubation with swine anti-rabbit immunoglobulins conjugated to horseradish peroxidase (Dako P0217) using the SuperSignal West-dura system (Pierce). The same blots were reprobed with polyclonal anti-human tubulin antibody to control that equal amounts of proteins were loaded in each lane.
Adhesion of neutrophils to epithelial cells. Neutrophils were isolated from healthy donors by a standard Ficoll gradient centrifugation technique and adjusted to a final concentration of about 10 6 cells ml 21 . A549 epithelial cell monolayers grown to confluence in 24-well plates were washed twice with PBS and neutrophils were added (0?5610 6 per well) in a final volume of 250 ml RPMI 1640. When indicated, monolayers were infected for 9 h with K. pneumoniae 52K10. In these experiments, monolayers were washed of bacteria, and gentamicin was added for 2 h to kill remaining extracellular bacteria before adding neutrophils. When indicated (see Fig. 3 ), anti-ICAM-1 blocking antibodies (clone HA58, 50 mg ml 21 ; Yamamura et al., 1996) or isotype-matched antibodies (IgG1, k) were added to monolayers 1 h before adding neutrophils and they were not removed during the adhesion period.
Plates were incubated for 30 min at 37 uC and nonadherent neutrophils were then removed by shaking the plates, decanting the supernatant, washing with PBS and decanting. Remaining adherent cells were quantified by measuring the peroxidase content of the wells and comparing these values with peroxidase levels in serially diluted samples of neutrophils as outlined below. After washing away nonadherent cells, 250 ml 0?5 % hexadecyltrimethyl ammonium bromide was added to each well to extract cellular peroxidase. A 50 ml aliquot from each well was added to a 96-well assay plate, plus 150 ml substrate (o-dianisidine, 1 mg ml 21 in 0?1 M phosphate buffer containing 0?001 % H 2 O 2 , pH 6?5). After 15 min incubation, absorbance was measured at 450 nm. The number of adherent cells was determined by comparing peroxidase activity with that of serial dilutions of a standard number of purified neutrophils. In preliminary experiments it was found that A549 cells did not contain significant endogenous peroxidase, and that negligible peroxidase released from neutrophils occurred during the adhesion assay. In agreement with recent reports (Videm & Strand, 2004) , treatment of neutrophils with IL-8 (80 ng ml 21 for 1 h) neither affected peroxidase content nor caused its release. Experiments were run in duplicate on three independent occasions using neutrophils isolated from a different donor each time.
Neutrophil-killing ability. Neutrophils were isolated by a standard Ficoll gradient centrifugation technique and adjusted to a final concentration of about 10 6 cells ml 21 in RPMI 1640. For the assay, 10 5 neutrophils were incubated with 10 6 bacteria that were either opsonized (15 min on ice with 25 % normal human serum in a final volume of 200 ml) or nonopsonized. After 1 h incubation at 37 uC, the contents of each tube were plated on LB agar to determine the numbers of viable bacteria. Killing ability was indicated by the decrease in total number of bacteria (i.e. bacteria associated with neutrophils and nonadherent bacteria in the supernatant). The killing index (K i ) was determined as the ratio of the initial number of bacteria at time zero to the number after 1 h incubation with neutrophils. The experiments were carried out in duplicate and repeated at least three times with neutrophils isolated from different donors.
Statistical methods. Statistical analyses were performed using analysis of variance (ANOVA) or the two-sample t test or, when the requirements were not met, by the Mann-Whitney U test. P<0?05 was considered statistically significant. Results are given as means± SE (n¢3).
RESULTS
A K. pneumoniae CPS mutant induces ICAM-1 expression and IL-8 secretion by human airway epithelial cells ICAM-1 levels on the surface of cultured human airway epithelial cell monolayers were examined by flow cytometry. The results showed that A549 and NHBE cells expressed constitutive levels of ICAM-1 (Fig. 1a , b, white bars). Infection with the wild-type K. pneumoniae strain, 52145, did not increase ICAM-1 levels on the surface of either A549 cells or NHBE cells (Fig. 1a, b , grey bars). We sought to determine whether the presence of CPS on the bacterial surface may prevent the activation of cellular signalling pathways responsible for the upregulation of ICAM-1 expression. Indeed, infection of A549 and NHBE cells with strain 52K10, an isogenic CPS mutant of 52145, increased the surface levels of ICAM-1 (Fig. 1a, b, black bars) . Examination of the relationship between time of infection, inoculum and induction of ICAM-1 expression by A549 cells revealed that shorter times of infection and lower inocula induced less ICAM-1 (data not shown). Finally, we tested whether the expression of other surface molecules could be affected by the infection with 52K10. Neither the levels of CD55 nor the levels of MHC class I expressed by A549 cells were altered (data not shown), indicating that infection with 52K10 was not causing a general alteration in the expression of surface molecules.
To examine the effect of K. pneumoniae infection on other inflammatory mediators, we performed enzyme-linked immunoassays for release by epithelial cells of IL-1b, IL-6, TNFa, IL-8, IL-10 and IL-12p70. Infection of A549 and NHBE cells with K. pneumoniae 52145 did not elicit the secretion of IL-1b, IL-6, TNFa, IL-10, IL-112p70 (data not shown) and IL-8 ( Fig. 2a) whereas infection with strain 52K10 triggered the secretion of IL-8 ( Fig. 2a) but none of the other cytokines (data not shown). Time-course experiments showed that there was a correlation between secretion of IL-8 by A549 cells (Fig. 2b) and by NHBE cells (Fig. 2c ) and the duration of infection with strain 52K10. In contrast, strain 52145 did not elicit the secretion of IL-8 even after 12 h of infection (Fig. 2b, c) . Neither 52145 nor 52K10 induced the secretion of IL-1b, IL-6, TNFa, IL-10 or IL12p70 by A549 and NHBE cells after 12 h of infection.
An important component of the response of the airways to bacterial infections is the infiltration of neutrophils into lung tissues. The current evidence shows that ICAM-1 is crucial for leukocyte migration (Look et al., 1992; Nakajima et al., 1994 Nakajima et al., , 1995 . To study the functional activity of ICAM-1 expressed by A549 cells, we quantified neutrophil adherence to A549 monolayers. In the absence of stimulus, we did detect neutrophil adherence to cells (Fig. 3) . Infection of A549 cells with K. pneumoniae 52K10 (9 h) increased the expression of ICAM-1 (rMFI values 80±7) and this correlated with an increased number of adherent neutrophils (Fig. 3) . This increased epithelial-neutrophil adherence after infection was inhibited by treating the monolayers with anti-ICAM-1 blocking antibodies (Fig. 3) .
Taking into account that A549 cells secreted IL-8 upon infection we asked whether this chemokine may affect neutrophil adherence. However, treatment of neutrophils with IL-8 (15 min before addition of leukocytes to the monolayers) did not further increase the number of adherent neutrophils on infected cells (data not shown).
Finally we studied the ability of neutrophils to kill K. pneumoniae. Killing indices (K i ) higher than 1?0 indicate efficient killing and indices less than 1?0 indicate cell-associated (possibly intracellular) bacterial multiplication. Strains 52145 and 52K10 were not killed by neutrophils (K i 1?01± 0?2 and 0?93±0?4 respectively), whether or not the bacteria had been previously incubated with human sera (K i 1?20± 0?3 and 0?91±0?2 respectively). However, treatment of neutrophils with IL-8 (80 ng ml 21 15 min before infection) significantly increased their killing ability. Thus, the K i for 52145 was 71±4?6 (a 70-fold increase) and the K i for 52K10 was 108±9?8 (a 100-fold increase). In this case, pretreatment of bacteria with human sera further enhanced the killing ability of neutrophils: the K i for 52145 was 492±20 and the K i for 52K10 was 627±17. Of note, 52145 was more resistant than 52K10 to killing by neutrophils (P<0?05). On the other hand, it is known that IL-8 triggers the release of antimicrobial factors by neutrophils (Chertov et al., 1996) and therefore the results obtained in the presence of IL-8 could be due to the action of these factors. To clarify this issue, we incubated both K. pneumoniae strains in the cell culture media from neutrophils that had been cultivated in the presence of IL-8. Under these conditions we did not find any change in the K i (data not shown).
Intracellular bacteria trigger the inflammatory response by human airway epithelial cells
Various studies have shown that poorly capsulated K. pneumoniae strains and CPS mutants adhere to and invade epithelial cells more efficiently than heavily capsulated strains (Cortes et al., 2002a, b; Favre-Bonte et al., 1999; Oelschlaeger & Tall, 1997) . Therefore, activation of the inflammatory programme could be associated with bacterial uptake, bacterial adhesion or both.
Gentamicin protection assays showed that 52K10 was internalized by A549 cells more efficiently than 52145 (2?1± 3?4610 3 c.f.u. per monolayer and 1?4±0?5610 1 c.f.u. per monolayer respectively; P<0?05). In addition, 52K10 attached to A549 cells more efficiently than the wild-type strain (3?2±1?4610 5 c.f.u. per monolayer and 2?5±1?06 10 1 c.f.u. per monolayer respectively; P<0?05). To examine whether intracellular bacteria were responsible for the induction of ICAM-1 expression, gentamicin was added 2 h post-infection to kill extracellular bacteria and the surface levels of ICAM-1 were measured 4 h later. Infection of A549 cells with 52K10 increased the levels of ICAM-1 (Fig. 4a) . To determine whether adherent bacteria would also increase the expression of ICAM-1, the infections were performed in the presence of cytochalasin D, an inhibitor of bacterial uptake by eukaryotic cells. Cytochalasin D abrogated the internalization of 52K10 (4?0±0?7610 1 c.f.u. per monolayer versus 2?1±3?4610 3 c.f.u. per monolayer in the absence of the drug; P<0?05) whereas the adhesion of the mutant was not affected (2?8±1?2610 5 c.f.u. per monolayer versus 3?2±1?4610 5 c.f.u. per monolayer in the absence of the drug; P>0?05). In these conditions, infection with 52K10 did not increase the levels of ICAM-1 (Fig. 4b) . Gentamicin-treated cells expressed similar levels of ICAM-1 (rMFI 35±5) as cytochalasin D-treated cells (rMFI 41±3) or uninfected cells (rMFI 39±4). We asked whether IL-8 secretion was dependent on intracellular bacteria. The results in Fig. 4(c) show that when infections were performed in the presence of cytochalasin D, the secretion of IL-8 was not significantly different from that of uninfected cells and uninfected cells treated with cytochalasin D.
To rule out a nonspecific effect of cytochalasin D on the activation of A549 cells, we examined the effect of treating A549 cells with cytochalasin D only on TNFa-dependent IL-8 production and ICAM-1 upregulation. TNFa-treated A549 cells secreted similar amounts of IL-8 in the presence or in the absence of the drug (1820±90 pg ml 21 and 1750± 60 pg ml 21 , respectively). TNFa-dependent ICAM-1 upregulation was also not affected by incubation of A549 cells with cytochalasin D (rMFI 60±6 in the absence of cytochalasin D versus 67±9 in the presence of the drug).
Intracellular bacteria activate NF-kB in human airway epithelial cells
There are several studies showing that NF-kB activation is associated with IL-8 secretion and/or an increase of ICAM-1 expression (Mastronarde et al., 1998; Moodie et al., 2004; Nishikawa et al., 1999; Papi et al., 2000; Poynter et al., 2002 Poynter et al., , 2003 .We asked whether infection of A549 cells with 52K10 would activate NF-kB by studying nuclear translocation of this transcriptional factor. EMSAs showed NF-kB DNA Fig. 3 . Neutrophil adherence to A549 cells is enhanced by infection. Neutrophils were isolated and allowed to adhere to A549 monolayers that had been left uninfected or had been infected for 9 h with K. pneumoniae 52K10. The monolayers were washed of bacteria, and gentamicin was added for 2 h to kill remaining extracellular bacteria before adding neutrophils. When indicated, anti-ICAM-1 blocking antibodies (+) or, as control (C), isotype-matched antibodies (IgG1, k) were added to monolayers 1 h before adding neutrophils and they were not removed during the adhesion period. Adherent cells were quantified by measuring the peroxidase activity of the wells and comparing these values with peroxidase levels in serially diluted samples of neutrophils. *P<0?05, a significant difference from uninfected cells; D P<0?05, a significant difference from infected cells untreated with antibodies.
binding after 60 min of infection (Fig. 5a, upper panel) . Protein binding to the NF-kB oligonucleotide probe was mediated predominantly by heterodimers of p65 and p50 as demonstrated in supershift assays (data not shown).
One of the major pathways for NF-kB activation involves the phosphorylation of IkBa followed by degradation of the protein, thereby allowing the migration of NF-kB dimers from the cytoplasm to the nucleus. We analysed the expression levels of IkBa in cytoplasmic extracts by immunoblot analysis. IkBa degradation was apparent after 60 min of infection with 52K10 (Fig. 5a, middle panel) .
To examine whether bacterial internalization caused NF-kB activation, bacterial uptake was inhibited by cytochalasin D and then NF-kB translocation to the nucleus of A549 cells was assessed. EMSA results demonstrated no NF-kB DNA binding when infections were performed in the presence of cytochalasin D (Fig. 5b, upper panel) . Further, IkBa degradation was not detected when infections were performed in the presence of the drug (Fig. 5b, middle panel) . Cytochalasin D also inhibited the infection-dependent degradation of IkBa in NHBE cells (Fig. 5c, upper panel) .
Finally, we asked whether blocking NF-kB activation would inhibit the infection-dependent induction of ICAM-1 expression. To address this, infections of A549 cells were done in the presence of pyrrolidine dithiocarbamate (PDTC), an inhibitor of NF-kB activity (Schreck et al., 1992) . Flow cytometric analysis revealed that 100 mM PDTC inhibited the induction of ICAM-1 expression in response to an infection with 52K10 (Fig. 5d) . PDTC-treated cells expressed similar levels of ICAM-1 (rMFI 35±5) as uninfected cells (rMFI 39±4).
Role of Toll-like receptors and CD14 in activation of human airway epithelial cells upon K. pneumoniae infection Toll-like receptors (TLRs) recognize a variety of pathogen products and initiate the activation of NF-kB and subsequently the production of inflammatory mediators (Janeway & Medzhitov, 2002) . Therefore it can be predicted that TLR-dependent signalling would be important in the recognition of pathogens by A549 cells. Flow cytometric analysis showed that A549 cells expressed TLR2 and TLR4 on their surface (rMFI 15±3 and 11±2 respectively). To assess the contribution of TLRs to the response against K. pneumoniae infection, A549 cells were incubated for 30 min with anti-TLR2 (clone TL2.1; Lien et al., 1999) or anti-TLR4 (clone HTA125; Shimazu et al., 1999) antibodies, or both, then infected with 52K10 and the amount of IL-8 secreted to the culture medium measured. Anti-TLR2 significantly reduced IL-8 production by A549 cells whereas anti-TLR4 had a minor effect. The combination of both antibodies had the strongest effect (Fig. 6a) . The amount of IL-8 secreted by cells incubated with an isotype-matched antibody (IgG2a, k) before infection (635±17 pg ml
21
) was not significantly different from that of infected cells (641±35 pg ml
). We also analysed the levels of IkBa, as a measure of NF-kB activation, in cytoplasmic extracts. Anti-TLR blocking antibodies abrogated the infection-dependent degradation of IkBa whereas isotype-matched antibodies did not (Fig. 6b) . CD14 is a 55 kDa GPI-linked glycoprotein that also participates in pathogen recognition and uses TLRs as co-receptors in signal transduction (Van Amersfoort et al., 2003) . We evaluated the cell surface expression of CD14 by flow cytometry using the well-characterized anti-CD14 monoclonal antibody My4. The results showed no significant shift in fluorescence over the fluorescence level observed with the isotype control antibody (data not shown). In host cells lacking CD14 on the surface (mCD14), soluble CD14 (sCD14) can compensate for its absence (Haziot et al., 1993 , 1996; Loppnow et al., 1995) . Therefore to test the effect of CD14 on the activation of A549 cells recombinant human sCD14 was added to the culture medium. When infections were performed in the presence of 0?1 mg sCD14 ml 21 (the minimum amount that affected IL-8 secretion), the secretion of IL-8 increased 30 % (Fig. 7) . Both anti-TLR antibodies significantly reduced IL-8 secretion (Fig. 7) . 52K10 uptake by A549 cells was not affected by the presence of sCD14 (data not shown).
In summary, our results show that A549 signalling of K. pneumoniae infection involved TLR4 and TLR2 activation and that A549 cells could use sCD14 as TLR co-receptor.
DISCUSSION
In this work we have analysed the interplay between K. pneumoniae, a pathogen frequently associated with respiratory tract infections, and human airway epithelial cells. Our results showed that upon infection with the CPS mutant 52K10, these cells mounted an inflammatory response characterized by elevated levels of ICAM-1 and secretion of IL-8. Importantly, this response was dependent on bacterial internalization. In contrast, the wild-type strain was not internalized and it did not elicit an inflammatory response.
It is interesting to note that the connection between bacterial internalization by lung epithelial cells and the activation of an inflammatory response seems to be a general phenomenon. For example, the release of IL-8 by A549 cells infected with group B streptococci is dependent on bacterial internalization (Doran et al., 2002) . Mycoplasma pneumoniae adherence and subsequent invasion of A549 cells triggers the secretion of proinflammatory cytokines (Yang et al., 2002) . Infection of A549 cells with nontypable Haemophilus influenzae also activates an inflammatory programme dependent on bacterial uptake (Frick et al., 2000; V. Regueiro & J. A. Bengoechea, unpublished results) . It is tempting to postulate that human airway epithelial cells react against an infection provided that bacteria are internalized. This scenario is similar to that described for other epithelia. Thus infection of bladder cells elicits an inflammatory response which is also dependent on bacterial internalization (Schilling et al., 2003 (Schilling et al., , 2001 . Elewaut et al. (1999) demonstrated that only invasive bacteria activate the expression of an inflammatory programme in intestinal epithelial cells. Taking these results together, it could be concluded that epithelial cells lining mucosal surfaces orchestrate a defence response only if pathogens are internalized. Interestingly, this is true regardless of the tissue local environmentconstantly exposed to microbes like the intestinal tract or essentially sterile like the urinary and respiratory tracts. Another common response to infection in all epithelia is the activation of NF-kB preceded by degradation of IkBs (Elewaut et al., 1999; Schilling et al., 2003) . This suggests that a common signalling pathway is activated in all cases. Evidence is accumulating that engagement of TLRs by bacterial products triggers the activation of NF-kB and subsequently the production of cytokines and chemokines (Janeway & Medzhitov, 2002) . Therefore, we speculated that activation of airway epithelial cells by 52K10 could involve TLR-dependent signalling pathways. In fact there are reports showing that K. pneumoniae expresses molecules, LPS and OmpA, which trigger the activation of TLRs (Branger et al., 2004; Pichavant et al., 2003; Schurr et al., 2005) . Confirming our speculation, our results showed that TLR2 and TLR4 play an important role in the production of IL-8 by A549 cells upon infection with K. pneumoniae.
There is controversy over the surface expression of TLRs by A549 cells (Birchler et al., 2001; Monick et al., 2003; Tsutsumi-Ishii & Nagaoka, 2003) . This cell line, an adenocarcinoma line (Lieber et al., 1976) , is known to differ from primary alveolar type II (ATII) cells in features such as IL-8 and nitric oxide production (Pechkovsky et al., 2002 (Pechkovsky et al., , 2000 . In general, upon the same stimulus A549 cells are less responsive than ATII cells. Thus it could be speculated that TLR expression levels by A549 cells might not be as high as those by ATII cells. Recently it has been shown that A549 cells do express functional TLR2 and TLR4 on the surface, albeit at lower levels than ATII, monocytes and alveolar macrophages (Armstrong et al., 2004) .
A remaining question is to link bacterial internalization, activation of TLR-dependent pathways, and the induction of an inflammatory response. Blander & Medzhitov (2004) elegantly showed that bacterial internalization by macrophages is impaired in the absence of TLR signalling. On the other hand, Underhill et al. (1999) demonstrated that phagocytosis of bacteria by macrophages is coupled to the production of inflammatory cytokines due to the recruitment of TLRs to the phagosome. It can be concluded that TLR signalling regulates both phagocytosis and the induction of inflammatory responses upon bacterial internalization. In this context, we hypothesize that A549 cells may activate inflammatory responses in a similar fashion as macrophages. Three observations give initial support to our hypothesis: (i) internalized bacteria activated the inflammatory response; (ii) blocking antibodies against TLRs inhibited the response and impaired bacterial internalization; and (iii) 52K10 was located in phagosome-like structures (S. Albertí, unpublished results). To rigorously prove our hypothesis we are currently studying whether phagosomes containing K. pneumoniae are enriched with TLRs, and whether dominant-negative mutants of TLRs blunt the cell response to internalized bacteria.
To further characterize the receptors involved in the generation of infection-mediated responses, we evaluated the expression and role of CD14, a 55 kDa GPI-linked glycoprotein that participates in pathogen recognition (Van Amersfoort et al., 2003) . There are reports showing that CD14 is critical for bacterial recognition in epithelial cells (Backhed et al., 2002; Pugin et al., 1993; Schilling et al., 2003; Van Amersfoort et al., 2003) . Our results showed that A549 cells did not express mCD14, which is consistent with previous observations (Schulz et al., 2002) . However, it has been shown that the expression of this molecule in cultured human nonmyeloid cells decreases over time (Jersmann et al., 2001 ); therefore we cannot rule out the possibility that human alveolar epithelial cells express mCD14. Nevertheless, our results showed that A549 cells could use sCD14 as TLR co-receptor to recognize bacterial pathogens. An important issue is whether sCD14 would be present in the airways. The current data indicate that this is possible. There are reports showing that sCD14 is present in bronchoalveolar fluid of healthy subjects and that the amount of sCD14 is increased under inflammatory conditions (Martin et al., 1997) . However, at present it is not clear what is the natural source of sCD14 within the airways, although it is known that sCD14 is highly abundant in plasma (in the microgram range). Recent results obtained in our laboratory indicate that epithelial cells may serve as one possible source because A549 and NHBE cells primed with inflammatory cytokines release sCD14 (V. Regueiro & J. A. Bengoechea, unpublished results).
Neutrophil infiltration into airways is a common histological finding in patients with pneumonia, independently of the infecting micro-organism. In the case of infections caused by K. pneumoniae, animal experiments have revealed that mice unable to recruit neutrophils into lung tissues display greater bacterial loads in the lungs (Greenberger et al., 1996) . In this model of pneumonia, chemokines KC and MIP-2, functional mouse homologues of IL-8, are responsible for the targeting of neutrophils to sites of attack (Greenberger et al., 1996) . Furthermore, transgenic mice overexpressing KC show an improvement in survival due to an increase in K. pneumoniae clearance, which occurs in association with enhanced influx of neutrophils to the lungs (Tsai et al., 1998) . In this work we have shown that IL-8 enhanced the killing ability of neutrophils against K. pneumoniae. Collectively, these findings illustrate the importance of IL-8 secreted by airway epithelial cells in the activation of pulmonary innate immune responses after bacterial infection. In turn, the fact that wild-type K. pneumoniae does not elicit the secretion of IL-8 by airway epithelial cells would be important in the setting of pneumonia. These findings are in good agreement with data obtained in a murine model of pneumonia. Thus at early time points capsulated K. pneumoniae induces less inflammatory mediators and less infiltration of inflammatory cells than a capsule mutant (Yoshida et al., 2000) . In addition, the establishment of pneumonia will be facilitated by the attenuation of host defence caused by the elevated levels of IL-10 induced by capsulated K. pneumoniae (Greenberger et al., 1995; Yoshida et al., 2001) . At present the cellular source(s) of IL-10 is not clear. This cytokine could be produced by a variety of cells, including lymphocytes, macrophages and epithelial cells (Howard et al., 1992) . However, our results suggest that airway epithelial cells might not be the cellular source of IL-10. In contrast, we have found induction of IL-10 secretion by alveolar macrophages cultured in the presence of capsulated K. pneumoniae (V. Regueiro & J. A. Bengoechea, unpublished results). Studies are ongoing to determine the cellular sources of IL-10 within the lung.
In summary, our findings are consistent with a scenario in which the CPS of K. pneumoniae, by inhibiting the adhesion and phagocytosis of the bacteria, prevents the secretion of IL-8 by airway epithelial cells and hence the activation of the innate immune system.
